A collagen-mimetic polymer that can be easily engineered with specific cell-responsive and mechanical properties would be of significant interest for fundamental cell-matrix studies and applications in regenerative medicine. However, oligonucleotide-based synthesis of full-length collagen has been encumbered by the characteristic glycine-X-Y sequence repetition, which promotes mismatched oligonucleotide hybridizations during de novo gene assembly. In this work, we report a novel, modular synthesis strategy that yields full-length human collagen III and specifically defined variants. We used a computational algorithm that applies codon degeneracy to design oligonucleotides that favor correct hybridizations while disrupting incorrect ones for gene synthesis. The resulting recombinant polymers were expressed in Saccharomyces cereVisiae engineered with prolyl-4-hydroxylase. Our modular approach enabled mixing-and-matching domains to fabricate different combinations of collagen variants that contained different secretion signals at the N-terminus and cysteine residues imbedded within the triple-helical domain at precisely defined locations. This work shows the flexibility of our strategy for designing and assembling specifically tailored biomimetic collagen polymers with re-engineered properties.
Introduction
Cells respond to specific biochemical and mechanical signals that exist within their extracellular matrix (ECM), and these signals regulate important cellular behaviors such as adhesion, proliferation, differentiation, and apoptosis. 1 The most abundant family of proteins in this matrix is collagen. Collagen dynamically controls the life cycle and function of cells through natural binding sites and, in turn, cells remodel the structure of the collagenous matrix. 2, 3 Dynamic cell-matrix associations in tissue development occur in the differentiation of cells such as osteoblasts 4 and cardiac myocytes. 5, 6 During wound-healing, collagen can direct integrins to initiate a cascade which produces matrix metalloproteinases, thereby degrading the collagen matrix and enabling keratinocyte migration. 7 The structure of collagen also imparts mechanical strength to tissues of the bone, tendon, and cartilage, while enabling the binding of other ECM proteins and soluble factors. 8, 9 Defects in collagen's structure or stability have been implicated in the development of various diseases, such as rheumatoid arthritis, varicose veins, osteogenesis imperfecta, and Ehlers-Danlos syndrome. 8, 10, 11 Because the ECM can impart biological effects on cells, its components and its mimics are often used as scaffolds in tissue engineering applications. Control over cellular functions can result from combining diverse properties including cell-interaction sites, 12, 13 their concentrations 14, 15 and spatial geometries, [16] [17] [18] mechanical properties of the substrate material, [19] [20] [21] and material degradation kinetics. 22, 23 Polymers that mimic the ECM, such as alginate, 24 polyethylene glycol, 22, 23 and polyacrylamide, 25 are often used. However, they are not natural matrices and can exhibit problems such as the need for cationic cross-linkers that interfere with cell adhesion, lack of biodegradation, or even degradation into toxic subunits. The ability to create polymers from natural building blocks that closely mimic matrix materials in structure and function, but with flexibility in properties beyond their natural scope, would be an attractive alternative in these applications.
Collagen is the most prevalent class of proteins in the ECM, and a collagen-based polymer material that can be easily modified and engineered for specific purposes would be of great interest. It would allow mixing-and-matching of specific functional sequences from the different families of collagens at exact locations, combinations, and densities, while keeping the overall size of the final polymeric product comparable to natural lengths. This capability would enable fundamental studies to elucidate the biochemical and biophysical principles that govern how cells and their microenvironments interact to yield growth and differentiation. Furthermore, such a platform would also be useful in tissue regeneration applications to generate tailored, artificial matrices which can be site-specifically modified for altering biological and physicochemical properties.
Our goal is to create a flexible platform that can be used to fabricate diverse biomimetic polymers based on native fulllength collagen. Because the length of fibrillar human collagens is relatively large, typically near 1000 amino acids, 10 successful synthesis strategies favor recombinant rather than chemical approaches. In a recombinant system, this means that changes are made directly in the DNA and should implement a bottomup gene synthesis strategy for sequence flexibility.
However, the fabrication of genes that encode full-length, hydroxylated collagen-based polymers has been a significant challenge. The main difficulty is the prevalence of a trimeric repeating sequence with many GC-rich glycines (codons GGN, where N is one of A, C, G, or T) and prolines (codons CCN). Collagen's characteristic repeating amino acid sequence of (glycine-X-Y) N , where X is often proline and Y is often hydroxyproline, is repeated over 300 times in one strand of fibrillar collagen. Our analysis has shown that the native collagen III sequence has numerous amino acid repeats that are longer than expected for a typical protein of similar size, leading to numerous long direct nucleotide repeats in the DNA. The direct sequence repeats found in native collagen type III are shown in Figures S-1 (Supporting Information; amino acid repeats) and S-2 (Supporting Information; nucleotide repeats). These extensive GC-rich repeats can cause mismatched oligonucleotide hybridizations during gene synthesis. As a result, such an approach presents challenges in collagen gene synthesis.
The conventional method for producing synthetic genes is to assemble them from short overlapping oligonucleotide fragments in a PCR-based strategy. 26 However, the formation of incorrect hybridizations during synthesis yields erroneous final sequences in a population of different gene lengths and sequences. 27 These mismatched hybridizations are typically observed even in genes without repeating sequences. 27 The extensive repeats found in collagen create many possible incorrect hybridization sites. Hybridization melting temperature calculations by the method of Larsen et al. 27 indicate that the distributions of correct and incorrect hybridization melting temperatures substantially overlap when using the native DNA sequence of human collagen III. Its melting temperature gap is ∆T m ) 11.1°C, where
. Therefore, attempts to create a collagen gene using standard PCR-assembly of oligonucleotides can result in a great many mismatched hybridizations, inhibiting gene assembly of the native DNA sequence.
Recombinant strategies for generating non-native collagen-like biopolymers have included the production of truncated regions within collagen, 28 tandem ligation of partial collagen regions, 29, 30 and collagen-like polymers that are one-fifth the size of the native length. 31, 32 Synthetic chemical methods for producing non-native sequences include generating short synthetic collagen peptides typically 24-63 amino acids in length. [33] [34] [35] To generate longer polymers and because cysteine is uniquely absent from the triplehelical domains of fibrillar collagen, these short synthetic peptides can be linked through terminal cysteines and self-assembled into fibrillar-like structures. 36, 37 However, all of these strategies limit the location, identity, frequency, and combination of biologically relevant sites that can be presented in the polymer, while the shorter lengths affect the scope of nanoscale architecture and mechanical properties.
In this work, we report a novel synthesis strategy which yields full-length human collagen III protein and specifically defined variants. To remove mismatched hybridizations in gene synthesis, a computationally optimized DNA assembly (CODA) algorithm developed by Larsen et al. 27, 38 was used to design oligonucleotides and their overlaps which favor correct hybridizations and disrupt incorrect ones. This algorithm uses the degeneracy in the genetic code to design oligonucleotide sequences in which the minimum melting temperature for each correct hybridization is substantially higher than the maximum melting temperature for incorrect ones, 27, 38 that is, which have a negative ∆T m as defined above. The algorithm also favors known organism preferences for codons and codon-pair usage. Although the resulting DNA sequence of the baseline human collagen III gene is non-native, the amino acid sequence of the final protein remains unchanged.
We have constructed a library of modules for human collagen III that has been optimized for yeast expression, is synthesized bottom-up entirely from oligonucleotides, and enables a truly modular assembly of full-length synthetic collagen. This modular library can be used to build collagen gene variants expressed in our recombinant Saccharomyces cereVisiae system, which carries the human prolyl-4-hydroxylase R and genes. These enzymes are required for hydroxylating proline, which is necessary for imparting stability to the collagen polymer. 39 Our work demonstrates the full potential of using a modular, designed, codon-optimized approach for managing synthesis difficulties in recombinant biopolymers. We also show that fulllength collagen and variants of collagen can be recombinantly fabricated using a bottom-up assembly strategy. The modular feature imparted to this synthetic gene allows tremendous flexibility for introducing site-specific, non-native sequences and unique chemical modification sites that will expand studies and applications of ECM-mimetic materials.
Experimental Methods
Modular Collagen (MCol) Gene Design and Assembly. Oligonucleotide sequences for gene synthesis were designed using the amino acid sequence of human procollagen type III (NCBI accession number NM_000090). The CODA algorithm 27 generated a list of overlapping oligonucleotides, each between 42 to 63 nucleotides (nts) long, which was optimized for gene self-assembly and expression in S. cereVisiae. Oligonucleotides were assembled into primary fragments (PF), primary fragments were assembled into secondary fragments (SF), and secondary fragments were assembled into full-length genes (FL). This optimized collagen III gene was designed to be modular and was designated "MCol". Sequences of individual oligonucleotides and the final MCol gene are given in Supporting Information. The distributions of correct and incorrect hybridization melting temperatures for MCol resulted in a melting temperature gap of ∆T m ) -7.7°C by the method of Larsen et al., 27 which is an improvement of ∆∆T m ) -7.7°C -11.1°C ) -18.8°C on the melting temperature gap of ∆T m ) 11.1°C observed above when using the native DNA sequence. The full-length MCol gene comprises three domains (front, middle, and back), as illustrated in Figure 1 . Details of the modules are listed in Table 1 . Two modular primary DNA fragments (FPF1, FPF2) were used for the front domain assembly, 12 modular primary DNA fragments (MPF1 to MPF12) were used for the middle domain assembly, and four modular primary DNA fragments (BPF1 to BPF4) were used for the back domain assembly. Overlapping sequences between primary fragments within the front, middle, and back regions were approximately 70, 90, and 70 nts, respectively.
Assembly of Primary Fragments (PF). Each modular DNA fragment was designed as a set of 10 or 12 oligonucleotides with overlapping sequences of 20-30 nts and named the "Primary Fragments" in Figure  1 . The oligonucleotide sequences and final modular gene sequence are presented in Table S-1 and Figure S -4 (Supporting Information). All oligonucleotides were purchased from Integrated DNA Technologies (Corvall, IA) and assembled by polymerase extension. For primary fragments of the front and back domains, the oligonucleotides for each module were mixed together with final concentrations of 240 nM for the first and last oligonucleotides in each fragment and 40 nM for all other oligonucleotides. For primary fragments of the middle domain, the oligonucleotides in each module set were mixed together to 200 mM for the first and last oligonucleotides for each fragment and 20 nM for the other oligonucleotides. The oligonucleotides were primerextended into a primary fragment using 2.5 U of PfuUltra II DNA polymerase (Stratagene), 200 µM dNTPs, and 1× PfuUltra reaction buffer in a final volume of 50 µL. These primer extension and amplification reactions were performed in a MJ Research PTC-225 thermal cycler using the following protocol: 10 min denaturation step at 95°C, followed by 30 cycles of 20 s at 95°C, 30 s at 58°C, and 15 s at 72°C, with a final step of 5 min at 72°C.
Primary fragments encoding non-native sequences were also synthesized. To assemble the collagen gene containing the yeast R-mating factor secretion signal, R-factor-FPF1 was generated which replaces the human collagen signal sequence with the yeast signal. We mixed 2 nM of the oligonucleotides encoding FPF1, without the human leader sequence but containing the yeast R-mating factor leader, with 200 nM of the first and last oligonucleotide primers of that fragment. These primary fragments were assembled from oligonucleotides using the primer-extension and amplification protocol described above, except with an annealing temperature of 62°C (instead of 58°C).
Assembled PF fragments were purified by the Qiagen PCR Purification Kit (Valencia, CA). A total of 20 ng of each assembled PF fragment were ligated with the pCR BluntII-TOPO vector (Invitrogen, Carlsbad, CA) following manufacturer instructions. Colonies containing PF inserted into the vector were selected from LB-Kan plates and sequenced. Clones containing the correct sequence were used in subsequent secondary fragment assembly.
To assemble collagen with two non-native cysteines at amino acid positions 452 and 748, two additional primary fragments, CysMPF4 and CysMPF7, were generated via site-directed mutagenesis of the MCol primary fragments. For fragment CysMPF4, which contains an Ala-to-Cys mutation at site 452, 300 nM oligonucleotides [Col3-M a452c F′ (GAC CAA GGG GAG AAC GTG GAG AAT GTG GCA TAC CCG GAG TAC CCG GTG CTA AAG) and Col3-M a452c R′ (CTT TAG CAC CGG GTA CTC CGG GTA TGC CAC ATT CTC CAC GTT CTC CCC TTG GTC)] were mixed with 50 µg of the DNA template and MPF4 ligated into a pCR BluntII-TOPO vector (Invitrogen, CA). For CysMPF7, which has a Gly-to-Cys mutation at site 748, 300 nM oligonucleotides [Col3-M g748c F′ (CAA AAG GTG ATA AGG GTG AAC CTG GTT GTC CTG GCG CAG ACG GTG TTC CCG G) and Col3-M g748c R′ (CAA AAG GTG ATA AGG GTG AAC CTG GTT GTC CTG GCG CAG ACG GTG TTC CCG G)] were mixed with 50 µg of the DNA template and MPF7 ligated into a pCR BluntII-TOPO vector. A PCR reaction with 2.5 U of PfuUltra II DNA polymerase, 200 µM dNTPs, and 1× PfuUltra reaction buffer in a final volume of 50 µL was performed using a 10 min denaturation step at 95°C, followed by 16 cycles of 20 s at 95°C, 30 s at 55°C, and 5 min at 72°C, with a final step of 5 min at 72°C. The PCR solutions were incubated with 20 U of Dpn I (New England Biolabs, Ipswich, MA) at 37°C for 2 h and transformed into Escherichia coli DH5R cells plated on LB-Kan. Colonies with correct CysMPF4 and CysMPF7 modules were identified by sequencing.
The primary fragments of correct sequence were amplified by mixing 200 nM each of the first and last oligonucleotides for each PF with 50 ng of the respective pCR BluntII-TOPO vector (containing the PF insert), 2.5 U of PfuUltra II DNA polymerase, 200 µM dNTPs, and 1× PfuUltra reaction buffer in a final volume of 50 µL. The PCR reaction was run using 10 min at 95°C, followed by 25 cycles of 20 s at 95°C, 30 s at 62°C, and 15 s at 72°C, with a final step of 5 min at 72°C. Purified PF DNA fragments (Qiagen PCR Purification Kit) were used for subsequent secondary fragment assembly.
Assembly of Secondary Fragments (SF).
We assembled secondary fragments from the primary fragments. For the N-terminal (front) domain, the FPF1 primary fragments containing either the human leader or the R-factor leader sequences were PCR-assembled with FPF2 to obtain FrontSF and R-factor-FrontSF, respectively. To generate the secondary fragments for the triple-helical (middle) domain, primary fragments were mixed as described in Table 1 : MPF1, MPF2, MPF3, MPF4, and MPF5 were used to assemble baseline MSF1; MPF5, MPF6, MPF7, MPF8, and MPF9 were used to assemble baseline MSF2; MPF9, MPF10, MPF11, and MPF12 were used to assemble baseline MSF3; MPF1, MPF2, MPF3, CysMPF4, and MPF5 were used to assemble Cys MSF1; and MPF5, MPF6, CysMPF7, MPF8, and MPF9 were used to assemble Cys MSF2. To generate the C-terminal (back) domain, BPF1, BPF2, BPF3, and BPF4 were used to assemble BackSF.
To assemble these secondary fragments, 2 nM of each primary fragment was mixed together with 200 nM of the first and the last oligos for each secondary fragment. The primary fragments were primer extended into a secondary DNA fragment with 2.5U of PfuUltra II DNA polymerase, 200 µM dNTPs, and 1× PfuUltra reaction buffer in a final volume of 50 µL. Reactions were performed using 10 min at 95°C
, followed by 30 cycles of 20 s at 95°C, 30 s at 68°C, and 45 s at 72°C, with a final step of 5 min at 72°C. Each assembled SF DNA fragment was column purified and ligated into the pCR BluntII-TOPO vector using the procedure described for the primary fragments. Clones were sequenced and plasmids containing correct SF DNA sequences were used for subsequent FL gene assembly.
Assembly of Full-Length Genes (FL).
The full-length collagen and collagen variant genes were assembled from the secondary fragments. Secondary fragments of correct sequence were amplified from plasmids and purified according to the protocol described above for the primary fragments, except that the extension time was increased to 45 s at 72°C
. Purified FrontSF, Baseline MSF1, Baseline MSF2, Baseline MSF3, and BackSF were mixed to assemble the Baseline FL collagen gene with the human leader sequence (MCol). The FrontSF, Cys MSF1, Cys MSF2, Baseline SF3, and BackSF were mixed to assemble the gene encoding the collagen variant gene containing the two non-native cysteines and the human leader sequence (MCol-Cys1). The R-factorFrontSF, Baseline MSF1, Baseline MSF2, Baseline MSF3, and BackSF were mixed to assemble the Baseline FL collagen gene with the R-mating factor leader sequence (RMF-MCol). The R-factor-FrontSF, Cys MSF1, Cys MSF2, Baseline MSF3, and BackSF were mixed to assemble the cysteine variant gene with the R-mating factor leader (RMF-MCol-Cys1).
These FL genes were assembled by mixing 2 nM of each secondary fragment with 200 nM of the 5′ and 3′ PCR gene primers. The secondary fragments were primer extended into a FL gene using 2.5 U of Stratagene PfuUltra II DNA polymerase, 200 µM dNTPs, and 1× PfuUltra reaction buffer in a final volume of 50 µL. These reactions were performed in a thermal cycler using a 10 min denaturation step at 95°C, followed by 30 cycles of 20 s at 95°C, 30 s at 68°C, and 1.5 min at 72°C, with a final step of 5 min at 72°C. Assembled FL DNA was column purified and ligated into the pCR BluntII-TOPO vector using the protocol described for primary fragments. Clones were sequenced and plasmids containing correct FL DNA sequences were used for subcloning into the yeast expression vector.
Strains and Vectors. Haploid S. cereVisiae strain INVSc1 (Invitrogen) has the genotype (MATa his3∆1 leu2 trp1-289 ura3-52 ). E. coli strain XL1-Blue (Stratagene) was used for plasmid maintenance and amplification. Human prolyl-4-hydroxylase R-subunit cDNA (p4Ha2, BC035813), human PDI cDNA (p4Hb, BC029617), and human procollagen (III) cDNA (COL3A1, BC028178 with Ehlers-Danlos Syndrome [EDS]) were obtained from the American Type Culture Collection (ATCC, Manassas, VA) on pCMV-Sport6 holding vectors. The collagen from ATCC (COL3A1 with EDS) has 303 amino acids truncated from the normal collagen III alpha chain, starting at amino acid 843. Although there are two isoforms for human prolyl-4-hydroxylase R, no kinetic differences have been found between the two isoforms. 40 We chose type 2 (p4Ha2) for our system because it had already been successfully expressed to hydroxylate a human collagen III fragment in S. cereVisiae. 28 Plasmid YEplac195 41 is a 2 µ-based vector with a URA3 selection marker. Plasmid pRY121 42 carries the GAL1-10 promoter sequence. Integrating vector pdδUB(BsrGI) is similar to pdδUB 43 but has a unique BsrGI site within each of the two δ sequences.
Plasmid and Strain Construction. Restriction enzymes and DNA ligase were from New England Biolabs. KOD Hot Start DNA Polymerase was from Novagen. The GAL1-10 bidirectional promoter sequence was obtained by PCR using plasmid pRY121 as template and primers GalPFBamHI and GalPREcoRI (Table S-2, Supporting Information), digested with BamHI and EcoRI, and cloned into pBlueScriptII SK(-) (Stratagene) to create pBS-GAL1p. pBS-GAL1p-MluI was constructed in the same manner using primers GALPF and GALPRMluI, and has a MluI restriction site replacing the EcoRI site.
A summary of plasmids, genes, and the corresponding collagen variant is presented in Table 2 . A COL3A1 gene fragment flanked by EcoRV and BstEII restriction sites was obtained by PCR using pCMVSport6-Col3A1 as template and primers COL3A1FEcoRVPmeI and COL3A1RBstEII (Table S-2, Supporting Information). The fragment was inserted into pCMV-sport 6-COL3A1 using EcoRV and BstEII to remove unwanted restriction sites preceding the collagen gene. The COL3A1 gene was then excised using EcoRV and HindIII and inserted into pBS-Gal1p digested with the same enzymes. The GAL1p-COL3A1 cassette was excised using SpeI and XbaI and inserted into YEplac195 at an XbaI site. The ADH2 terminator was obtained from plasmid pADH2-sfp 44 using XbaI and KpnI and inserted downstream of COL3A1 to obtain YEpCOL3A1. The control plasmid YEpdelta was created by replacing the COL3A1 gene in YEpCOL3A1 with a 346 bp yeast delta sequence flanked by PmeI/NotI sites from pdδUB(BsrGI). Plasmids carrying the synthetic modular collagen gene with native and yeast signals (alpha mating factor) and the collagen variant were constructed by replacing the COL3A1 gene in YEpCOL3A1 at the PmeI and NotI sites with the new genes, resulting in YEpMCOL, YEpRMCOL and YEpMCOLCys1. The final plasmid map for the collagen genes is shown in Figure S -5A (Supporting Information).
The CODAp4Ha and CODAp4Hb genes were sequentially integrated 45 into the δ sequences of yeast strain INVSc1. Each integration vector (pddUB-CODAp4Ha and pddUB-CODAp4Hb; see Figures S-5B and S-5C and Supporting Information) was linearized at the two BsrGI sites and transformed into INVSc1. Integrants were selected on uracildeficient SDC(A,T) plates. Counter-selection in SDC-5FOA medium was used to select for excision of the reusable URA3 blaster cassette.
46
YEpCOL3A1, YEpMCOL, YEpRMCOL, or YEpMCys1 was then transformed into the p4Ha-and p4Hb-containing strain. All yeast transformations, including integrative transformations, were done by a modified lithium acetate method, as described. Protein Polymer Purification. Yeast cells were thawed and resuspended at 0.1 g wet cell/mL in Tris-buffered saline (TBS, 20 mM Tris, 500 mM NaCl, pH 7.5) with 1 mM phenylmethylsulfonyl fluoride (Pierce), 2 U/mL DNase (NEB), and 1 U/mL RNase (NEB). The culture was lysed in a French Press (Thermo Scientific) at 16000 psi for four cycles. Ethylenediaminetetraacetic acid (EDTA; 1 mM) was added to the lysate and the supernatant was collected by ultracentrifugation (Optima LE80K, Beckman) for 1 h 15 min at 100000 × g and 4°C.
Hydrochloric acid (4 M) was added to the soluble fraction of the cell lysate to lower the pH to 2. Pepsin (20 mg/mL in 4 M HCl; Mallinckrodt) was added to a final concentration of 0.2 mg/mL and kept at 4°C overnight to digest the background protein and collagen propeptides. Insoluble protein from the pepsin digestion was removed by centrifugation for 1 h 15 min at 100000 × g and 4°C. The pH of the soluble fraction was raised to 7.5 with NaOH to inactivate the protease.
Protein solutions were dialyzed in 40 mM sodium acetate (pH 4.5) and applied to a cation exchange column (Sepharose XL) in an FPLC (AKTA System, GE Healthcare). Protein polymers were eluted using a linear NaCl gradient. Fractions containing the purified protein were pooled and concentrated using a stirred-cell concentrator with a 100 kDa MWCO Biomax polyethersulfone membrane (Millipore).
Protein Gel Analyses. An aliquot of the French-pressed cell lysate (200 µL) was centrifuged at 16000 × g (Microfuge 18, Beckman Coulter). Denaturing gel electrophoresis (SDS-PAGE) sample buffer containing the reducing agent dithiothreitol (6×) was added to the supernatant and cell pellet, and samples were separated in a 7 or 12% SDS-PAGE gel. 49 Protein polymers were visualized by staining with Imperial Protein Stain (Pierce). For native, nondenaturing gel electrophoresis, purified collagen samples were mixed with blue native PAGE (BN-PAGE) sample buffer, resolved in a 4-16% polyacrylamide gradient gel (Invitrogen) using BN-PAGE running buffer, and stained according to published protocols. 50, 51 For Western blot analysis of cell lysates, samples were denatured and run on an SDS-PAGE gel. The bands on this gel were electrotransferred to a nylon membrane (positively charged, Roche). The membrane was blocked with 0.5% nonfat milk in TBS and probed with an antibody raised against the C-terminal region of human collagen III (sc-8781, Santa Cruz Biotechnology, 1:1000 dilution). The membrane was then washed and incubated with a secondary detection antibody conjugated with alkaline phosphatase (sc-2771, Santa Cruz Biotechnology). Hybridization was detected with a chromogenic kit (Roche).
Proline Hydroxylation Analysis. Collagen samples were dialyzed with water and sent to the Biopolymer Laboratory core facility at UCLA for amino acid analysis. Samples were hydrolyzed in 6 M hydrochloric acid for 22 h at 110°C. Hydrolyzates were derivatized with a fluorescent amino-reactive probe. Amino acids were quantified by reverse phase (RP)-HPLC with a fluorescence detector. Percent hydroxylation was defined as (moles of hydroxlated proline)/(total moles of hydroxylated proline + unhydroxylated proline).
Results

Correct Assembly of Genes that Encode Native Human
Collagen III and Rationally Designed Variants were Confirmed. In collagen, the problem of mismatched oligonucleotide hybridization in gene assembly is significant, due to the Gly-X-Y repeating sequence and the longer direct amino acid repeats of the triple-helical region (Supporting Information, Figure S-1) . Based on melting temperature calculations by the method of Larsen et al., 27 the melting temperature gap between the distributions of correct and incorrect hybridizations for oligonucleotides encoding the native sequence is ∆T m ) 11.1°C
. This substantial overlap facilitates incorrect hybridizations and encumbers full-length assembly of the gene. To solve this problem, we assembled the collagen III gene using the CODA algorithm, 27 which applies degeneracy and frequency in yeast codons, 52 favors known yeast preferences for codons and codonpair usage, 53 and computes favorable melting temperatures for oligonucleotide hybridization by making synonymous codon substitutions while the amino acid sequence remains fixed. 27, 38, 54 We designed the synthetic human collagen III gene in a modular fashion to facilitate the introduction of non-native sites. When this approach is used, making changes at specific locations in the sequence should require only the redesign and resynthesis of the modules in which the changes are specified. Incorporation of the new modules into the gene is accomplished by PCR assembly together with the remaining modules, following the process described above for the initial gene synthesis. We have also introduced several unique restriction sites into the gene design, which facilitates traditional cloning strategies.
We divided the MCol gene encoding native type III human collagen into several fragments and domains, as described in the Experimental Methods (Table 1 and Figure 1 ): the Npropeptide (front), C-propeptide (back), and 12 modules in the (Gly-X-Y) N triple-helical domain (middle). To demonstrate the feasibility of synthesizing collagen variants using this modular approach, we also designed and fabricated two modules which introduced cysteine mutations into the middle of the triple-helical region (in modules 4 and 7) and one module which incorporated the yeast R-mating factor leader sequence in the N-propeptide, all of which are non-native modifications to human collagen III.
As shown in Figure 2 , we successfully assembled the 12 gene modules encoding the native collagen III triple-helical region, the N-and C-propeptide domains, and the three modules encoding non-native sequences within the protein sequence. Each of these modules comprises 10-12 oligonucleotides. The CODA-optimization of oligonucleotide sequence and PCR assembly of each of the module fragments yielded a distinct band of correct length and sequence. We note that mishybridizations of oligonucleotides were not observed; instead, the infrequent sequence errors were point mutations and single basepair deletions, which are errors associated with oligonucleotide synthesis and PCR. Primary modules with correct sequences were used for subsequent gene assembly. By assembling the individual modules of a full-length gene together via PCR assembly, the collagen genes encoding the amino acid sequence for native human collagen III (MCol) and its variants (MColCys1, RMF-MCol, RMF-MCol-Cys1) were fabricated ( Figure  3) . The final gene sequences were confirmed, and collagen and variant genes were cloned into the YEp expression plasmid containing the GAL1 promoter, as described in Figure S -5 (Supporting Information) and in Experimental Methods.
S. cereWisiae Engineered with Human Prolyl-4-hydroxylase Expresses Recombinant Hydroxylated Human Collagen III
and Its Tailored, Non-Native Variants. One limitation in generating stable, recombinant collagen is the need to hydroxylate prolines in the protein. In Pichia pastoris and S. cereVisiae, this can be performed by incorporating the hydroxylase genes into the yeast genome, and we have therefore chosen yeast as the recombinant expression system in our biopolymers platform. 28, 55 We selected the yeast S. cereVisiae due to the ease of genetic manipulations and the availability of both integrative and autonomous plasmid systems. As described in Experimental Methods, we have integrated the CODA-optimized genes for both the alpha and beta subunits of human prolyl-4-hydroxylase into the genome of S. cereVisiae strain InvSc1 (InvSc1p4H). The Western blot in Figure 4 shows bands at the molecular weight for collagen for all samples containing a collagen gene or variant, including expression of Col3A1 (lanes 2I, 2S), the synthetic modular collagen III gene (lanes 3I, 3S), the variant gene containing non-native cysteines (lanes 4I, 4S), and the modular gene with the yeast leader sequence (lanes 5I, 5S). All of these collagen proteins were present in both the soluble and the insoluble fractions. In contrast, lanes containing the lysate from the yeast host (no collagen gene; lanes 1I, 1S) show no collagen product.
The collagen gene with the native human leader sequence gave consistently higher expression than the gene containing the leader sequence from yeast R-mating factor. Furthermore, expression levels of the cysteine variant were comparable to those obtained from the synthetic modular collagen gene. It appears that the incorporation of cysteine, at the level of frequency in this variant, does not inhibit expression of the protein. This is a promising result for generating variants that could be covalently modified at specific sites.
We note that the product of the COL3A1 gene is shorter than the collagen obtained from the modular gene, which is expected since COL3A1 contains an Ehlers-Danlos syndrome (EDS) deletion. We used this collagen as a positive control for protein expression because it was the only form of the COL3A1 gene that was commercially available (ATCC). Its use does not affect our final conclusions, as this gene simply confirms collagen expression in yeast. This is already a known result, 28 ,39 and we do not use this mutant sequence as a basis for subsequent gene synthesis.
The activity of the hydroxylase was confirmed by amino acid analysis, although levels were lower than expected, approximately 0.5% proline hydroxylation in purified samples of collagen when produced in InvSC1p4H. This low level of hydroxylation suggests an imbalance between collagen and prolyl hydroxylase expression and may also reflect instability of the integrated hydroxylase genes and inefficient translocation of the P4H -subunit into the endoplasmic reticulum. Manipulation of strain, copy number, and secretion signal increased hydroxylation 10-fold to approximately 5% (see Discussion and Supporting Information). In contrast, control samples in which YEpCol3A1 was transformed into S. cereVisiae strain InvSC1 in the absence of R and prolyl-4-hydroxylases yielded no detectable hydroxylation.
Our overall collagen yields in the InvSC1p4H are greater than those published in the literature for other Saccharomyces systems. After full purification, we obtained an average of 5.1 ( 0.4 µg collagen/mg of total protein for COL3A1, MCol, and MColCys1. Prior studies on producing full-length collagen in S. cereVisiae reported a yield of 1.6 µg full-length collagen/mg protein. 39 We note that little optimization of yield was performed for our investigations, and it is likely that overall amounts of collagen can be significantly increased with strain improvement and fermentation studies.
Purified Collagen and Its Polymeric Variants are Trimeric and Consistent with Triple-Helical Assembly. Figure 5A shows that when pepsin is added to the crude cell lysates, most of the background yeast protein is digested and bands remain that correspond to the triple-helical region of collagen or the collagen variants. Samples can be further purified on a Sepharose XL cation-exchange column ( Figure 5B ) to remove the proteolytically degraded proteins and fragments.
Previous work has established that the enzymes pepsin and trypsin can be used as probes for triple helicity since they cleave the N-and C-termini of fibrillar collagen while leaving the (Gly-X-Y) N triple-helical domain intact. 56 When these Gly-X-Y regions are in monomeric form, however, they are prone to proteolytic degradation. 57 Therefore, the presence of distinct bands at the expected molecular weight of the triple-helical region after pepsin digestion ( Figure 5A ) suggests that the collagen structure produced in our yeast expression system is consistent with triple-helicity. The trimeric nature of this assembly is further supported by nondenaturing blue native polyacrylamide gel electrophoresis (Figure 6 ), which yields bands at molecular weights corresponding to three times the size of a single polymeric strand. Expected sizes of a trimer are approximately 190 and 270 kDa for collagen III with EDS and for modular collagen III, respectively.
Discussion
Our goal was to create a flexible gene synthesis strategy that enables the fabrication of specifically tailored recombinant variants of full-length collagen-based polymers. Such a system would expand the scope of the material and cell-interaction properties of collagen and artificial ECM. We have shown that a novel, modular gene strategy enables bottom-up gene synthesis, and these genes can be used to produce non-native collagen variants. The advantages of a bottom-up gene assembly approach are that significant, multiple changes can be designed that span the entire gene, can be any distance from each other, and are not limited by the natural sequences of a gene template.
In previous methods for producing collagen-based polymers, restriction sites and enzymatic ligation were used to introduce alterations in the gene. These traditional strategies for creating collagen-mimetic biopolymers, however, place limits on allowable sequences, locations of changes, the scope of sequence variability and biologically relevant sites, and the lengths of the final polymeric product. For example, the use of naturally occurring restriction sites to introduce non-native sequences into a collagen gene is limited by the location of the restriction sites. 58 In another strategy, polymers can be made by ligating repeating oligonucleotide cassettes together in tandem. However, due to the repeating nature of the subunits, multimer ligation of such cassettes is not easily controlled. A range of DNA lengths is typically obtained with a maximum length of only ∼1000 bp; 31, 32 this is one-third the length of the native gene encoding the helical, polymeric region of collagen. Furthermore, from these collagen-like gene fragments, protein products of only 18 31 and 22 kDa 32 were reported, smaller than the ∼100 kDa of mature collagen III. An analogous strategy for biopolymer synthesis ligates copies of a 234-amino acid region of collagen II in tandem to obtain a final length corresponding to mature collagen. 29 Finally, site-directed mutagenesis has been performed on fibrillar collagen, but this approach limits the number of changes to single mutations or double mutations that are within only a few base pair proximity. 59, 60 In this work, we have shown the feasibility of using a bottomup approach for flexible introduction of foreign sites within collagen. By combining computational optimization with a modular strategy, different combinations of non-native sequences (cysteines and yeast R-mating factor leader sequence) were placed in defined locations, at defined frequencies, and at large separations throughout the polymer. Our other work has also shown that several native integrin-binding sites can be removed from the collagen III sequence and replaced with a sequence from collagen I. 54 These results demonstrate that specific non-native sequences, locations, and their combinations within the full-length collagen biopolymer can be engineered. The flexibility and scope of modular strategies in general have been successfully implemented in other recombinant proteinbased biopolymers, including elastin, 61, 62 elastin-like polypeptides, 63 and silk-like proteins. 64 One complexity of producing fibrillar collagen and its biomimetic forms originates from the need to post-translationally modify the primary sequence. The (Gly-X-Y) N sequence of collagen enables assembly of a helix consisting of three polypeptide chains. X and Y can be almost any amino acid, but proline and hydroxyproline, respectively, are preferred. 65 Proline hydroxylation is essential for the stability of fibrillar collagen 66, 67 and the triple-helical, three-dimensional structure is required for correct function and cell interactions. 8, 68 Attempts to produce human collagen in bacterial cell systems have been limited because of their inability to hydroxylate selectively the collagen polypeptide at the Y-position. 32, 69, 70 Expression in mammalian cells, although giving adequate post-translational modification, usually requires relatively long growth times and results in low protein yields. 29 Recombinant collagen can also be produced in other systems, including insect 71 and plant cells. 72 Yeast systems are a particularly good choice for recombinant human collagen production because they can be engineered to hydroxylate prolines and can yield high expression levels of collagen. Prior studies have shown that P. pastoris 55, 73, 74 and S. cereVisiae 28, 39, 75 can produce hydroxylated human collagen types I, II, and III. 39, 55, 73, 76 pastoris. 55, 73 In contrast, fibrillar human collagens from native tissues have been reported to yield 42-54% hydroxylation, with variations dependent on tissue source, collagen type, and extraction method. 55, 78, 79 Although our levels of approximately 0.5% proline hydroxylation in S. cereVisiae strain InvSC1p4H are low relative to previously reported levels for this yeast, we observed 10-fold increases (to 4-6% hydroxylation) by altering the S. cereVisiae strain, hydroxylase gene copy numbers, and the plasmid system (see Supporting Information). Hydroxylation levels in the InvSC1p4H strain do not appear to be dependent on the source of the collagen gene, as these values are consistent regardless of whether the collagen gene is the native (COL3A1) or the modular collagen (MCol). Ongoing studies are focused on further increasing hydroxylation by redesigning the recombinant yeast systems.
Although we use an expression system which has precedence in the literature, the unique aspects of our work are the use of a completely de novo synthetic gene to express a fibrillar human collagen and more importantly, the demonstration that variants built by the flexibility of this gene can indeed also be expressed in yeast. All prior yeast expression reports that we are aware of have used collagen cloned from cDNA as the starting basis for their genes. 28, 39, 55, 59, 73, 75 Our new bottom-up ability to make and express variants starting from custom-ordered oligonucleotides opens up vast possibilities in fundamental collagen studies and in synthetic biology applications which were not previously possible with collagen genes from cDNA or short collagenlike peptides.
In addition to developing the technology to create a de novo synthetic collagen gene, we have applied the technology to demonstrate that mutants of collagen which contain multiple cysteine (Cys) residues in defined places can be recombinantly fabricated in a single round of assembly. Cysteines are prevalent in the C-propeptide domains of fibrillar collagens and are speculated to bind the collagen trimers together for initiating triple-helical formation. 57, 80 However, they are absent from the internal portion of the triple-helical regions of all normal fibrillar human collagens, with Cys mutations resulting in disease pathologies. [81] [82] [83] Our modular approach in synthesizing recombinant collagen enables the ability to make specific full-length variants of interest, thereby expanding the scope of potential collagen-based materials. Placing multiple Cys into prescribed locations within the fibrillar region allows significant opportunities for expanding matrix properties by covalent incorporation of molecules. In fact, others in the field have noted that "[collagen's] site-specific covalent modification is not feasible", 36 leading to approaches using short synthetic collagen-like peptides as an alternative for producing synthetic matrices. With our novel approach and the ability to introduce multiple non-native thiols into precisely defined locations of native collagen, we enable multiple sitespecific covalent changes.
Non-natural functionalities in collagen could include the introduction of covalent cross-linkers for increasing mechanical strength, altering the number of proteolytic sites for tuning degradation kinetics, and combining cell interaction sites from different classes of collagen to define cellular microenvironments. This design flexibility is valuable for applications in tissue engineering and drug delivery and also enables novel mechanistic studies of cell-matrix interactions. It will enable the rational creation of new scaffolds that closely mimic natural ECM proteins for designing appropriate microenvironments for regenerating tissues. This technology also has potential in medicine, as the effects of natural mutations resulting in abnormal matrix pathologies can be investigated in molecular detail.
